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By using laboratory x-ray photoemission spectroscopy (XPS) and hard x-ray photoemission spectroscopy (HX-
PES) at a synchrotron facility, we report an empirical semi-quantitative relationship between the valence/core-
level x-ray photoemission spectral weight and electrical conductivity in La1−xSrxMnO3 as a function of x.
In the Mn 2p3/2 HX-PES spectra, we observed the shoulder structure due to the Mn
3+ well-screened state.
However, the intensity at x=0.8 was too small to explain its higher electrical conductivity than x=0.0, which
confirms our recent analysis on the Mn 2p3/2 XPS spectra. The near-Fermi level XPS spectral weight was
found to be a measure of the variation of electrical conductivity with x in spite of a far lower energy resolution
compared with the energy scale of the quasiparticle (coherent) peak because of the concurrent change of the
coherent and incoherent spectral weight.
PACS numbers: 79.60.-i, 71.20.Ps, 71.30.+h, 72.80.Ga
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I. INTRODUCTION
The perovskite oxide La1−xSrxMnO3 (LSMO) is a pro-
totype of colossal magnetoresistance (CMR) effects in
the family of Mn oxides (R,A)MnO3 or (R,A)3Mn2O7
(R=rare earths, A=alkaline earths) and thus have been
intensively studied for over two decades.1–7 The remark-
able phenomenon CMR, characteristic of LSMO, is di-
rectly connected with its unique electronic structure,
namely the double exchange (DE) mechanism.8 However,
it is also well-known that DE alone cannot explain colos-
sal MR effects9 though the missing components are still
under debate. Hence, further electronic-structure studies
are required for a complete understanding of the CMR
effects as well as further development of magnetoresistive
materials in device applications.
Photoemission spectroscopy is one of the most di-
rect probes that can be used to investigate the elec-
tronic structure of materials. A recent remarkable dis-
covery in this field is the “metallic” peak/shoulder (here-
after shoulder, for simplicity) in the Mn 2p3/2 core-
level spectra of LSMO thin films (0 ≤ x ≤ 0.55) mea-
sured by hard x-ray photoemission spectroscopy (HX-
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PES).10 This shoulder structure is interpreted as the well-
screened peak of the Mn3+ state and its intensity is con-
sidered to represent the metallicity of the system.10 The
shoulder intensity was even found to scale the conduc-
tivity in La0.85Ba0.15MnO3 thin films.
11 However, the
full x dependence of the shoulder intensity and its re-
lation to electrical conductivity was not resolved. Re-
cently, Hishida et al.12 found that this shoulder is observ-
able using laboratory x-ray photoemission (XPS) using
an Al Kα x-ray source. They investigated the shoulder
structure in the full range of x and found that the x-
dependence of the shoulder intensity did not follow the x-
dependence of the electrical conductivity. This is because
the shoulder due to the Mn3+ state loses its weight in a
larger x, while the electrical conductivity does not drop
in proportion to x.13 Employing a new multiple-peak fit-
ting strategy, they extracted a Mn4+ well-screened peak
hidden behind the Mn3+ main peak and found that the
electrical conductivity was represented by the sum of
the spectral weight of both the Mn3+ and Mn4+ well-
screened states. However, the multiple-peak fitting for a
large x was not perfect because of the very small Mn3+
well-screened shoulder. Hence a further investigation was
still needed.
One may expect that the electronic states responsible
for electrical conductivity are completely reflected in the
quasiparticle spectral weight in the vicinity of the Fermi
level (EF). However, this is not always true, particu-
2larly in strongly correlated electron systems like LSMO.
Although the low-temperature electrical conductivity for
LSMO is as high as about 105 (Ω cm)−1 at x = 0.4,13
angle-integrated photoemission studies have failed to ob-
serve large near-EF spectral weight
14,15 as can be seen
in Ti or V oxides.16 Instead, only a few angle-resolved
studies on layered manganites have succeeded in observ-
ing an extremely small quasiparticle peak in very limited
k-space areas.17,18 Nevertheless, the temperature depen-
dence of the near-EF spectral weight over hundreds meV
was found to follow that of the Drude weight or electrical
conductivity,19 reproducing the agreement between the
temperature dependence of the quasiparticle peak weight
(with the width of ∼50 meV) and that of the electrical
conductivity.20 Again, there have been no x-dependent
studies on this issue so far.
In this research, we investigate the electronic structure
of La1−xSrxMnO3 by XPS and HX-PES in order to de-
termine a relationship between near-EF/Mn 2p3/2 core-
level XPS spectral weight and the electrical conductivity
in the full range of x.
II. EXPERIMENTAL
Polycrystalline samples of La1−xSrxMnO3 (x=0.0, 0.1,
0.2, 0.33, 0.4, 0.5, 0.55, 0.67, 0.8, 0.9, and 1.0) were
prepared by solid-state reaction. Starting powders of
La(OH)3, SrCO3, and Mn2O3 were weighed in specific
proportions and then ball-milled for 15h using zirconia
balls and ethanol. The mixed powders were dried and
heated at 1100◦C for 2h in air. The solid masses ob-
tained after cooling to room temperature were crushed
in the ball milling again for 15h. The powders were dried
and pressed into pellet under an isostatic pressure of 0.8
ton/cm2, and then sintered at 1600◦C for 1h in air.
The HX-PES experiments were carried out at the un-
dulator beam line BL47XU in SPring-8 using a VG-
Scienta R4000 analyzer with a wide acceptance objec-
tive lens21 and an excitation energy of 7939.9 eV with
a bandwidth of 0.29 eV. The XPS measurements were
performed with a PHI Quantera SXM instrument (base
pressure 5 × 10−9 Torr) using a monochromatic Al Kα
source (hν = 1486.6 eV) with the total energy resolution
of about 0.64 eV in FWHM. The analyzer pass energy
was set to 55 eV for narrow scans. In order to obtain
fresh, clean surfaces, the samples were fractured in the
prep chamber at room temperature immediately before
the measurements. The binding energy was corrected by
using the value of 84.0 eV for the Au 4f7/2 core-level
spectrum. The measurement vacuum was better than
1 × 10−8 Torr. No detectable C 1s peak was observed
from the prepared surfaces and the quality of the O 1s
peak was comparable or better than literature.22,23
FIG. 1. (a) Mn 2p core-level HX-PES and XPS spectra of
LSMO of x = 0.0, 0.4, and 0.8. (b) HX-PES spectra in the
Mn 2p3/2 region. S denotes the Mn
3+ well-screened state.
III. RESULTS AND DISCUSSION
Figure 1 shows Mn 2p core-level XPS/HX-PES spectra
of LSMO. Panel (a) shows that the distinct shoulder at
639–640 eV in Mn 2p3/2 peak in HX-PES spectra is still
observable in XPS spectra of x = 0.0 and 0.4 although
the intensity is smaller due to lower bulk sensitivity.10,12
Panel (b) shows the HX-PES spectra in the Mn 2p3/2
region. The spectra of x = 0.0 and 0.4 show very good
agreement with those of thin films.10 In addition to this
agreement, one can find the shoulder structure S even at
x = 0.8, for the first time. The systematic decrease in
intensity and shift in energy of the shoulder S undoubt-
edly confirms that this feature corresponds to the Mn3+
well-screened state. This shoulder is too small to observe
in the XPS spectrum of x = 0.8, and can be identified
only by multiple-peak fitting.12
The x-dependence of the electrical conductivity at the
room temperature (shown in Fig. 4) is as follows: At
x = 0, the system is insulating and shows an insulator-to-
metal transition at ∼0.2 with increasing x. It is metallic
between ∼0.2 and ∼0.8 with the maximum conductivity
at 0.4 and becomes insulating again for a larger x.
Hence, the intensity of S at x = 0.8 is much smaller
than at 0.0, while the electrical conductivity is oppo-
site. This confirms our recent conclusion that this shoul-
der alone does not represent the metallic conductivity,
but the sum of the spectral weight of the both Mn3+
and Mn4+ well-screened states does.12 This fact was not
found so far because all previous studies were performed
in the lower x-range.
Figure 2 shows the valence-band HX-PES and XPS
spectra. The background intensity due to secondary elec-
trons was subtracted using the Shirley’s method and the
valence-band intensity was corrected with respect to the
Mn 2p3/2 core level intensity.
24 In Fig. 2(a), one can iden-
tify five structures A–E, which are assigned to the Mn
3d eg band (0.0–1.5 eV: A), the Mn 3d t2g band (∼2.0
eV: B), the O 2p nonbonding band (2.5–4.5 eV: C), the
Mn 3d t2g–O 2p bonding band (5.0–6.5 eV: D), and the
3Mn 3d eg–O 2p bonding band (7.0–8.5 eV: E).
7,25 This
interpretation is in agreement with the larger photoion-
ization cross section of the sp states compared to the d
states in HX-PES.26 In particular, the larger suppression
of the Mn 3d t2g band spectral weight shown in Fig. 2 (b)
is a manifestation of smaller hybridization with the O 2p
states than the eg band.
Figures 2(c) and 2(e) compare the whole valence-band
spectra of LSMO with different x measured with differ-
ent excitation energies ((c): HX-PES, (e): XPS), both
of which show systematic changes with x. The entire
O 2p band width increases with x, probably because
the GdFeO3-type distortion is reduced with x.
7 Enlarged
views of these HX-PES and XPS spectra in a near-EF re-
gion are shown in Figs. 2(d) and 2(f), respectively. For
both HX-PES and XPS, the eg band shifts towards lower
binding energy and the spectral weight decreases mono-
tonically with increasing x. As a consequence, the EF
spectral weight that should be responsible for electrical
conductivity initially increases and then decreases with
x. In order to track such small EF spectral weight, HX-
PES has the benefits of a deeper probing depth and larger
signal-to-noise (S/N) ratio than XPS, while the smaller
d-cross section and the competitive accessibility to HX-
PES facilities balances out these benefits. For this reason,
we track the EF spectral weight of XPS for the full range
of x.
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FIG. 2. (a) Valence-band photoemission spectra of LSMO
(x = 0.4) by HX-PES and XPS. (b) and (c) Near-EF spectra
of LSMO by HX-PES and XPS.
FIG. 3. (a) Valence-band XPS spectra of LSMO with various
Sr concentrations. (b) Near-EF spectra of Panel (a).
The complete valence-band XPS spectra of LSMO of
the full range of x are shown in Fig. 3(a). With increasing
x, the features A–C rapidly move towards EF first from
x = 0 to 0.33, but this shift slows down and almost pauses
between x = 0.4 and 0.55 and then resumes moving with
a smaller amount than the first one between x = 0.55
and 0.8. From x = 0.8 to 0.9, the features B and C seem
to move back away from EF and a new feature F ap-
pears. This deviation from the systematics up to x = 0.8
is probably due to a structural phase transition.12 How-
ever, the deviation does not affect the near-EF electronic
structure or electrical conductivity because the eg band
fades away towards x = 1.0.
Within the rigid-band picture, the systematic energy
shift (particularly of A) can be interpreted as a modu-
lation of the EF spectral weight (namely, the density of
states at EF, D(EF)) with x. This is because small en-
ergy shift ∆E due to a small amount of hole doping ∆x
can be described as ∆x ∝ D(EF)∆E, hence giving the
shift ratio ∆E/∆x proportional to D(EF)
−1.27 This sim-
ple interpretation indeed qualitatively explains the linked
behavior of the EF spectral weight and the energy shift
shown in Fig. 3(b), and qualitatively explains the trend
of the electrical conductivity shown in Fig. 4. Nonethe-
less, the global evolution of the whole eg spectral weight
never follows the rigid band behavior as already pointed
out in the literature;7 changing its line shape, the spec-
tral weight decreases almost linearly from x = 0.0 to 1.0
as seen in Fig. 3(b).
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FIG. 4. Comparison of EF spectral weight of XPS (red dia-
monds) and electrical conductivity at the room temperature
(blue triangles). EF spectral weight of HX-PES (green circles)
is also shown. The vertical scale of the HX-PES data is dif-
ferent from the XPS one because of different photoionization
cross sections.
The EF spectral weight of the XPS spectra in Fig. 3(b)
is plotted against x in Fig. 4 together with the electrical
conductivity. The spectral weight at EF was estimated
by the integrated intensity in the window slightly larger
than the experimental energy resolution centered at EF,
±325 meV. We see that the plotted EF weight qualita-
tively or even semi-quantitatively reproduces the electri-
cal conductivity variation with x. The spectral weight
from the HX-PES measurement is also shown for com-
parison, which shows improved agreement with the con-
ductivity. This difference is probably caused by a com-
bination of larger surface sensitivity of XPS than HX-
PES and reduced ferromagnetism and metallicity at the
surface.28
The observed qualitative agreement between the EF
weight and the conductivity is rather surprising because
the integration window (650 meV) is much larger than
the reported quasiparticle line width (∼50 meV),17,18 and
we should not be able to track the x-dependent change
of the quasiparticle spectral weight. This situation re-
minds us of the case of the layered manganites, namely,
the temperature-dependence of the near-EF incoherent
spectral weight (spreading over hundreds of meV be-
low the quasiparticle) which mirrors that of electrical
conductivity19 and the quasiparticle spectral weight.20 In
the layered manganites, the near-EF incoherent spectral
weight is transferred to higher binding energy with in-
creasing temperature, which causes the above agreement.
The same type of spectral-weight transfer with x modu-
lation can be expected in the present three-dimensional
system, as observed in La1−xSrxTiO3.
16 As a result, the
XPS near-EF spectral weight integrated over a few hun-
dreds meV can be a rough measure of the total quasipar-
ticle spectral weight in spite of a limited energy resolution
of XPS.
IV. CONCLUSIONS
We have performed x-ray and hard-x-ray photoemis-
sion spectroscopy study on the magnetoresistive oxide
La1−xSrxMnO3 in order to determine a relation between
the valence/core-level photoemission spectral weight and
the electrical conductivity as a function of x. We ob-
served a small Mn3+ well-screened final state for the
x = 0.8 sample for the first time, which confirms this well-
screened state alone cannot be a measure of metallicity.12
We found that the near-EF XPS spectral weight can be
a measure of the variation of electrical conductivity with
x in spite of a much lower energy resolution compared
with the energy scale of the quasiparticle peak. This is
because the change of the quasiparticle spectral weight
and the spectral weight transfer of the incoherent part
appear concurrently.
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6Supplemental Material
Supplementary Figure 5 shows the survey scans for (a) HX-PES and (b) XPS measurements. The
right (left) vertical broken lines at about 280 eV denote the La 4s (C 1s) peaks. It is obvious that
the C 1s intensity is negligibly small in both HX-PES and XPS survey spectra, demonstrating that
the quality of the measured sample surfaces was good enough for our purpose.
FIG. 5. (a) HX-PES and (b) XPS survey spectra of LSMO (x = 0, 0.4, and 0.8).
